Inspired by the flexibility of the bottom-up approach in choosing building blocks of two-dimensional (2D) materials, a π-conjugated metal complex nanosheet (HHTP-Cu) was successfully prepared by the coordination of the ligand 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) and Cu(II) ion at the water/oil interface. Field-emission scanning electron microscopy disclosed the large-size domain and transmission electron microscopy revealed the sheet morphology of the nanosheet. The flat and smooth surface was also confirmed by atomic force microscopy which further demonstrated the proposed structure. Energy dispersive X-ray spectroscopy was applied to verify the homogeneous distribution of the elements while X-ray photoelectron spectroscopy was used to investigate the composition of the nanosheet.
Introduction
The development of two-dimensional polymers has been blooming since the discovery of graphene and the realization of its excellent properties and multifunctionalities [1] . Apart from the exfoliation based top-down synthetic method, the bottom-up approach, which constructs materials in atom or ion level, is also attracting a great deal of attention in preparing 2D materials [2] [3] [4] . The superiority of bottom-up method is the flexibility in the design of material skeleton, which gives rise to the diversity in not only structure but also functionality of 2D materials. For instance, the sixfold benzenehexathiol (BHT) multidentate ligand as a π-conjugated ligand, which has a square-planar coordination environment, could chelate with d 8 metal ions of group 10, which prefer the square-planar coordination mode, to form a series of 2D coordination polymers with diverse functionalities. These materials feature intense charge delocalization among the three metalladithiolene complex motifs. The strong interaction of the π orbitals of the two metalladithiolene units are expected to exhibit high π-conjugation [5] . The previous work has been done on a BHT-Pb complex nanosheet, which shows high electric conductivity [6] . The BHT-Ni nanosheet can serve as a topological insulator [5, 7] . A 2D BHT-Cu coordination polymer has also been reported, which exhibits the ambipolar transport behavior [8] . Besides, the BHT derivative-based Co nanosheet could act as an efficient catalyst for hydrogen evolution from water [9] . Some other BHT-like organic ligands such as 2,3,6,7,10,11-hexaiminotriphenylene (HITP) [10] , 1,2,5,6,9,10-triphenylenehexathiol (THT) [11] and 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) [12] could also work as building blocks to construct various homoleptic or hybrid metal complex nanosheet with square planar metal centers [13] . The tunability in properties and multiplicity in applications make this kind of π-conjugated nanosheets promising nanomaterials.
To date, there are limited reports on the synthesis of 2D π-conjugated nanosheets [14] . Usually, the formed 2D polymers are polycrystalline with sub-micrometer sized crystallites by the commonly used one-phase preparation method [12] . The nanosheets with small lateral size might be inadaptable for the fabrication of advanced devices and thus further development of these materials will be greatly limited. On the other hand, according to our previous work, we found that both the lateral and vertical sizes of metal complex nanosheets could be easily controlled via the interface-assisted synthesis method [15] . Here, by using HHTP and Cu 2+ as building blocks, we report the synthesis of a large-sized π-conjugated nanosheet HHTP-Cu to meet the different practical application demands.
Experimental

Materials
The organic ligand 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) from Sigma-Aldrich was used as received. The solvents for nanosheets preparation were of HPLC grade. The inorganic metal salts were recrystallized from deionized (D.I.) water before use.
Apparatus for Characterization
SEM and EDX were performed using LEO 1530 Field Emission Scanning Electron Microscope mounted with an Energy Dispersive X-ray Spectrometer. TEM images were collected by FEI Tecnai G2 20 S-TWIN Transmission Electron Microscope mounted with an Energy Dispersive X-ray Spectrometer. A Digital Instruments NanoScope IV atomic force microscope was employed to study the morphology and detect the cross-sectional size. XPS was performed using SKL-12 electron spectrometer assisted with VG-CLAM-4 multichannel hemispherical analyzer. The spectra were analyzed with CasaXPS Software and the Si 2p peak at 103.3 eV was used as the standard since we have not initially cleaved the SiO 2 layer from the wafer.
Treatment of Substrates
The substrates Si(111) were cut into 1 cm × 1 cm pieces and then sonicated in dichloromethane, acetone, isopropanol, ethanol, and nonionic detergent in water, 15 min each in sequence. Then D.I. water was used to remove the bubbles of the detergent. Before being stored in D.I. water, the treated substrates were sonicated in D.I. water for 15 min again. The clean substrates were dried in vacuo overnight just before use.
Preparation of Nanosheet
The preparation of HHTP-Cu is based on orderly placing each layer of reagent solution in a 50 mL container. Here, HHTP was totally dissolved into ethyl acetate solvent by sonication and CuSO 4 ·5H 2 O aqueous solution was prepared. Both of the solutions were filtered with a membrane filter. Before adding the solution, a small piece of Si substrate was placed at the bottom of the cleaned vial. Then D.I. water solution of Cu 2+ (5.0 × 10 −3 mol L −1 , 10 mL) was added to the container. After that, an equal amount of HPLC grade ethyl acetate was slowly poured to cover the water layer to act as a buffer layer. Finally, the ethyl acetate solution of HHTP (2.0 × 10 −4 mol L −1 , 10 mL) was carefully added. A flat interface was formed to work as a medium to induce the complexation. The reaction system was kept undisturbed for 1 day at room temperature.
Transfer of the Nanosheets onto Substrate and TEM Grids
The nanosheets were sonicated into small pieces and suspended in ethanol. Then the samples prepared for TEM test were deposited on the carbon-film supported copper grids by pipetting the solution and dried in a nitrogen blow. For the other tests, the nanosheets were transferred onto substrates by removing both the upper and bottom layer of the reaction system. Then the modified substrates were dried in vacuo overnight before the measurements.
Results and Discussion
The ligand HHTP is a hexa-functional symmetric multihydroxyl aromatic organic molecule with good planarity. The O atom with two pairs of lone pair electrons could coordinate with Cu(II) ion. Due to the d 9 configuration of Cu(II), it could form dsp 2 hybrid orbitals to overlap with four O atoms in the ligands, affording a metal complex motif in a square-planar configuration [16] . Therefore, the motif-based nanosheet HHTP-Cu could also exhibit excellent planarity and extensive electron delocalization. Besides, HHTP as a redox-active linker can undergo reversible interconversions among the catecholate, semiquinonate and quinone forms [17] . The ideal topological structure and the expected coordination mode of HHTP-Cu is described in Fig. 1 [18] . The preparation of HHTP-Cu is based on orderly placing each layer of reagent solutions. First, the CuSO 4 ·5H 2 O aqueous solution was prepared. Then, the ethyl acetate solution of HHTP was carefully added above the water layer. The formed water/oil interface can serve as a medium to induce the complexation of the ligand HHTP and Cu 2+ ion. The coordination reaction was kept undisturbed for 24 h at room temperature, resulting in a non-transparent dark blue film covering the whole interface (Fig. 2a ). The generated film HHTP-Cu is insoluble in either organic solvent or aqueous solution, reflecting the polymeric structure as proposed. It can be easily transferred onto various substrates (such as Si wafer, quartz, glass substrates) (Fig. 2b) , disclosing the simple post-processing of HHTP-Cu.
Structural characterization for HHTP-Cu was achieved by several analytical technologies. Field-emission scanning electron microscopy (FE-SEM) revealed the sheet morphology of the nanosheet with a large domain size of more than 50 µm in one side (Fig. 2c) . The inset image is the magnification of the edge of HHTP-Cu, clearly disclosing the layer-by-layer stacking growth. The film-like structure was further demonstrated by the transmission electron microscopy (TEM) images shown in Fig. 2d . The layered structure can also be verified by the existence of the terrace at the edge. Moreover, the TEM supported selected area electron diffraction (SAED) was conducted and a diffraction pattern was obtained as shown in Fig. 2e , indicating the internal crystallization of this nanomaterial. The SAED pattern reflects a polycrystalline structure which may be attributed to the folding of the layers. Atomic force microscopy (AFM) was applied, and the smooth surface and homogeneous texture were verified by both the height image and phase image (Fig. 2f) . The cross-sectional analysis unveiled the thickness of the prepared HHTP-Cu to be around 380 nm.
The elemental composition of HHTP-Cu was examined by energy dispersive X-ray spectroscopy (EDX). The EDX spectrum of HHTP-Cu (Fig. 3a) shows its constituent elements. Except for the element Si from the substrate and Au from the coated Au layer, C, O and Cu should originate from the nanosheet. The elemental composition of the nanosheet was further confirmed by EDX-Mapping images (Fig. 3b) . Moreover, the mapping images reveal the homogeneity in the distribution of C, O and Cu on HHTP-Cu as proposed. Additionally, X-ray photoelectron spectroscopy (XPS) was used to investigate the internal structure of HHTP-Cu. The wide scan spectra of HHTP and HHTP-Cu are respectively shown in Fig. 3c, d . The lack of the signal of S from the anion SO 4 2− indicates the charge neutral nature of the complex motif. Besides, the difference in elemental components gave evidence of the complexation of Cu with HHTP. The result is in good agreement with the EDX analysis, also reflecting the proposed structure. As shown in the narrow scan spectra (Fig. 3e) , the O 1s region of HHTP-Cu shows a single peak located at 532.09 eV. The deconvolution of the Cu 2p region in the nanosheet shows that both Cu 2p 1/2 (954.53 eV) and 2/3 peaks (934.73 eV) of HHTP-Cu were fitted with the single Voigt curve with an area ratio of 1.0:2.07, very close to the theoretical value (1:2) considering the detection limit of 0.1-1 atom% for XPS. The three shakeup peaks near the Cu 2p core level suggest the existence of Cu(II) in the nanosheet. The absence of peak at 932.6 eV, which is a typical Cu(I) 2p 3/2 peak in XPS provided strong evidence that the original Cu(II) was not reduced to Cu(I) during the coordination with HHTP.
Conclusion
A large-sized π-conjugated 2D Cu(II) complex nanosheet HHTP-Cu was prepared with the organic ligand HHTP via a water/oil interface-assisted approach. The resultant nanosheet is insoluble in neither water nor organic solvent and this characteristic affords the easy post-processing of the material. A series of microscopies (SEM, TEM and AFM) were used to verify the proposed sheet-like structure. The constituent elements and their homogeneous distribution were confirmed by EDX analysis. XPS data disclosed the internal chemical structure of the nanosheet. The study provides an easy access to a processible large-sized π-conjugated 2D metal complex nanosheet. Efforts towards the preparation of few-layer nanosheets through optimizing the reaction conditions and further application investigation are currently underway.
